Previous freeze-fracture experiments using either glutaraldehyde-fued and cryoprotected specimens or d i e d rapid-frozen samples led to the proposal that cylindrical strands of the tight junction (TJ) observed in freeze-fracture preparations are inverted cylindrical micelles made up of membrane lipids and, possibly, membrane proteins. However, no one has yet been able to directly label the structural fibrils of the TJ. To test the hypothesis that TJ strands observed on freeze-frame preparations are composed at least partially of lipids, we have combined the phospholipase Az-gold and the fracture-label techniques for localization of phospholipids. Phospholipase A2, purified from bee venom, was adsorbed on gold particles and used for specific labeling of its substrate. Phospholipase A2-colloidal gold (PLA2-CG) complex was applied to freeze-fractured preparations of rat exocrine pancreatic cells and testicular Sertoli cells, both of which are known to have extensive TJ complexes on their plasma membranes. Fracture-label replicas
Introduction
The tight junction (zonula occludens) is a membrane specialization usually found in the apical region of polarized epithelial cells. It serves as a permeability barrier between extracellular compartments and can also act as a barrier to lateral d f i s i o n of membrane constituents as small as lipids (12) . Freeze-fracture morphology of tight junctions of most mammalian epithelial cells reveals this membrane structure in the form of cylindrical strands (27) . Furthermore, this cylindrical configuration is not the result of lateral cross-linking of linear arrays of membrane particles by glutaraldehyde fixation (27) . A single fibril (41) or a pair of superimposed (32, 33) or offset fibrils (4) have been proposed to make up the structural elements of the tight junction strands. Previous freeze-fracture experiments using either glutaraldehyde-fixed and cryoprotected specimens or unfixed, rapid-frozen samples led to the proposal that the cylindrical strands observed in freeze-fracture preparations are inverted cylindrical micelles made up of membrane lipids and, pos- of exocrine pancreatic cells revealed specific association of gold particles with TJ fibrils on the protoplasmic fractureface of the plasma membrane. The majority of these gold particles were observed either directly on the top of the TJ fibrils or adjacent to these cylindrical structures. A high density of PLA2-CG labeling was also observed over the complementary exoplasmic fracture-face of the TJ complex. This intimate association of PLA2-CG labeling with the TJ is particulatly evident in the Sertoli cell plasma membrane, where rows of gold particles were observed to be superimposed on parallel arrays of cylindrical strands of the TJ complex. The present fmdings provide direct cytochemical evidence to sup port the hypothesis that cylindrical TJ strands observed in freeze-fracture preparations contain phospholipids. (J Histochem Cytochem 41:6@456, 1993) KEY WORDS: Freeze-fracture cytochemistry; Tight junction; Phospholipase Az-gold; Phospholipids; Exocrine pancreas; Sertoli cell. sibly, membrane proteins (16, 27) . %ken together, these results suggest that tight junctions are lipidic in nature. That some lipids can assume the form of inverted micells (hexagonal HII phase) sandwiched between the two monolayers of the lipid bilayer and that they can appear as pits and particles on freeze-fractured membranes as shown, respectively, by 31P NMR and freeze-fracture techniques (10, 22, (38) (39) (40) also favor the aforementioned proposal. Despite the morphological evidence provided by freeze-fracture studies for the lipidic nature of tight junction strands, no one has yet been able to directly label the structural fibrils of the tight junction. Recently, tight junction-associated proteins 20-1 (35) and cingulin (6,7) have been isolated and antibodies to these proteins have been prepared for their immunolocalization (34). However, these proteins appear to belong to the cytoplasmic domain of tight junctions (6, 7, 35) and are not directly related to the tight junction fibrils seen in freezefracture images. We have previously introduced a novel cytochemical method, the phospholipase Az-gold technique (9). for in situ ultrastructural localization of phospholipids in biological tissues. Phospholipase A2 (PLA2) catalyzes the hydrolysis of fatty acid ester bonds specifically at the sn-2 position of glycerophospholipids (11, 30, 31) . We have previously demonstrated that bee venom PLA2, when adsorbed on gold particles, retains its biological activity and can be used for in situ localization of phospholipids (9). This technique has also been successfully used to demonstrate the increase in phospholipid content in cell membranes in drug-induced phospholipidosis (8) and the localization of phospholipids in the nucleus of several cell types (20) . In the present study, we combined the phospholipase A2-gold (9) and the fracture-label ( 2 8 ) techniques to test the hypothesis that freeze-fracture-exposed tight junction strands of rat exocrine pancreatic cells and Sertoli cells of rat testes are composed at least partially of phospholipids.
Materials and Methods
Animal and Tissue Preparation. Adult male Sprague-Dawley rats (weighing 125-150 g) were purchased from Charles River (St-Constant, Quebec, Canada) and allowed food and water ad libitum. Pancreatic tissue was excised from four animals under light ether anesthesia and then fixed by immersion in 1% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 2 hr at 4°C. To obtain the testes, four animals were anesthesized with sodium pentobarbital and their testes were fixed by perfusion through the abdominal aorta with 1% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 20 min at room temperature. After perfusion the testes were removed, cut into thin slices, and further fixed for 2 hr with the same fixative at 4'C. Both pancreatic and testicular tissues, after fixation, were washed three times in 0.1 M cacodylate buffer and trimmed into 1-mm cubes. They were then embedded in 30% bovine serum albumin (BSA, Fraction V) (Calbiochem; La Jolla, CA) in 0.01 M and cross-linked with a final concentration of 1% glutaraldehyde to form a hardened gel by rapid mixing at room temperature (18J9). The gels containing the tissues were sliced into blocks of approximately 1 x 2 x 2 mm, infiltrated overnight with 30% glycerol in PBS at 4°C and then frozen in partially solidified Freon 22 cooled by liquid nitrogen. The frozen gels were stored in liquid nitrogen until processing for freeze-fracture cytochemistry, Preparation of Colloidal Gold. Colloidal gold particles of 15-nm diameter were prepared by the sodium citrate method as described by Frens (14) .
Preparation of Phospholipase Az-Colloidal Gold (PLAz-CG) Complex. The PLA2-CG complex was prepared essentially according to the method previously described (9), with minor modification. Briefly, PLA2 (EC 3.1.1.4) purified from bee venom was purchased from Boehringer Mannheim (Montreal, Quebec, Canada) (specificity 3000 Ulmg protein). This enzyme hydrolyzes the sn-2 fatty acid from sn-3 glycerophospholipids (11, 30, 31) . To prepare the PLA2-CG complex, the pH of the gold sol was first adjusted to 8 with 0.2 M K2C03 for the optimal adsorption of PLA2 on gold particles (9). Phospholipase A2 (0.3 mg) was dissolved in 0.1 ml of distilled water and mixed at room temperature with 10 ml of the gold sol (pH 8). Since the presence of low concentrations of calcium has been shown to be an absolute requirement for the enzymatic activity of phospholipase A2 in mouse spermatozoa (37). it was therefore decided to add a final concentration ofO.5 mM CaC12 to the phospholipase A2-gold complex. Calcium chloride was not used in the technique previously described (9). To the final mixture, 2 drops of 1% polyethylene glycol (PEG MW 20,000) was added. The mixture was centrifuged at 26,500 rpm for 30 min in a Beckman ultracentrifuge using a Ti50 rotor. The resulting pellet, corresponding to the PLA2-CG complex, was re-suspended in 1 ml of 0.01 M PBS (pH 8) containing 0.02 % polyethylene glycol, 0.05% polyvinylpyrrolidone (PW, MW lO,OOO), and 0.5 mM CaC12. The PLA2-CG complexes were always used within 48 hr after they were prepared and a dilution of 1:3 was used for all the incubations.
Test of the Efficiency of PI&-CG Labeling in the Presence of CaC12. The labeling densities of PLAz-CG used in the presence or absence of CaC12 over the exoplasmic fracture-face of the zymogen granule mem-brane and over the protoplasmic leaflet of the plasma membrane of exocrine pancreatic cells were evaluated by quantitative analysis and statistical comparkn. In each case, 10 electron photomicrographs enlarged to x 27,000
were used for the quantitative evaluation and statistical analysis. F~fty granules were evaluated in 10 micrographs prepared from samples labeled with PLA2-CG in the presence of CaC12, as well as from 10 other micrographs prepared from samples labeled with PLA2-CG without CaC12. For the plasma membrane, 10 random regions were taken each from one of the 10 micrographs prepared from exocrine pancreatic cells labeled with the PLA2-CG in the presence and in the absence of CaC12. The density of labeling, evaluated as the number of gold particles per square micrometer of surface area, was determined with a Carl Zeiss Mop-3 modular system equipped for quantitative digital image analysis (Carl Zeiss; Montreal, Quebec, Canada). Preliminary quantitative results (see Results for details) indicated that in rat exocrine pancreatic cells phospholipase Az-gold used in the presence of 0.5 mM CaC12 gave a higher intensity of labeling, whereas in the absence of CaC12 a weaker labeling intensity was obtained. The following labeling experiments were all carried out in the presence of CaC12.
Fracture-label Cytochemistry. Frozen pancreatic and testicular tissues embedded in BSA gels were fractured under liquid nitrogen with a precooled scalpel blade. Fractured gels were then thawed in a solution containing 1% glutaraldehyde and 30% glycerol in PBS, deglycerinated in 1 mM glycylglycine solution (Sigma; St Louis, MO), and then left in PBS for 1 hr at room temperature as described previously (28) . For enzyme-gold labeling, frozen gels, after freeze-fracture and thawing, were incubated for 1 hr at room temperature in a solution of PLA2-CG complex. Both pancreas and testicular gels, after labeling with PLA2-CG complex, were washed three times in 0.01 M PBS and further fixed with 1% glutaraldehyde in PBS before they were dried. The drying process was done by Peldri I1 sublimation according to the method previously described (17).
Formation of Platinum-Carbon (F'tlC) Replicas. To obtain fracture-label replicas, Peldri 11-sublimated samples were mounted on double-adhesive tapes with the fracture-face up, on a Balzers-type specimen table. The samples were shadowed with platinum, followed by coating with carbon in a Balzers BAF 400T freeze-fracture unit (Balzers AG Balzers, Lichtenstein) at ambient temperature under a vacuum of 2 x Torr. Platinum shadowing was performed at an angle of 45", and carbon coating at 90" by evaporation from electron beam guns. The thickness of the replicas was approximately 2 nm Pt-C and 25 nm C, as determined by a Balzers crystal thin-film monitor. The replicated samples were then digested in sodium hypochlorite solution to remove the tissue debris. The replicas were washed three times in bi-distilled water, mounted on Parlodion-coated copper grids, and examined with a Philips 300 transmission electron microscope operated at 80 kV.
Controls. The specificity of the PLA2-CG labeling was assessed by several experiments: (a) digestion of phospholipids in the freeze-fracture tissues by their incubation (3 hr at 37°C) with a solution of free PLA2 (1 mg/ml) before labeling with PLA2-CG complex; (b) addition of an excess of free PLA2 (1 mglml) to the incubation mixture; and (c) replacing the PLA2-CG complex by a non-stabilized gold sol.
Results

Ultrastructure of Tight Junction Strands in Fracture-label Preparations
Although the typical appearance of intramembrane particles characteristic of conventional freeze-fractured membranes is not seen on these preparations (29; for review see 25), observation of fracturelabel replicas of pancreatic acinar cells and Sertoli cells after frac-turing and thawing showed good preservation of the tight junction complex. Fracture-label preparations of rat exocrine pancreatic cells and Sertoli cells showed the morphology of the tight junction complex equivalent to that obtained by conventional freeze-fracture method, appearing as an anastomosing network of elevating strands on platinum-carbon-shadowed replicas of the pancreas (Figures 1.  2, 3, and 5 ) or as parallel arrays of fibrils on the replicated freezefracture plasma membranes of the Sertoli and adjacent cells (Figures  7 and 8 ).
Phospholipase Az-Colloidal Gold Labeling
The original PLA2-CG complex previously introduced for the localization of phospholipids (9) did not contain CaCl2 in the complex. Since the presence of a low concentration of CaCl2 has been implicated as a requirement for the enzymatic activity of phospholipase A2. particularly in mammalian sperm cells (3,37), it was therefore decided to include a final concentration of 0.5 mM of CaClz in all the PLA2-CG complexes used in the present study. Initially we tested the labeling efficiency of PLA2-CG in the absence and in the presence of CaC12. Indeed, when freeze-fractured exocrine pancreatic acinar cells were labeled with PLA2-CG in the absence of CaC12, the tight junction strands of the acinar cells were only weakly labeled (Figure 1) . whereas labeling of the tight junction strands became evident when PLA2-CG complex was used in the presence of 0.5 mM CaCl2 (Figure 2) . Labeling of other membranous structures such as the plasma membrane by PLA2-CG was also noticeably stronger in the presence of CaCl2 (Figure 2 vs Fig-ure 1 ). In fact, when the density of PLA2-CG labeling was evaluated over the exoplasmic fracture-face of the zymogen granule membrane and over the protoplasmic leaflet of the plasma membrane, it was found that there was a statistically significant increase in the mean labeling density when the freeze-fractured zymogen granule membrane labeled with PLA2-CG in the presence of CaC12 (761.5 * 31.1) was compared with that without the CaCl2 (266.9 -c 22.2) with a p value <0.05. There was also a significant increase in the mean labeling density when the protoplasmic leaflet of the freeze-fractured plasma membrane labeled with the PLApCG in the presence of CaCl2 (345.5 * 29.7) was compared with that in the absence of CaClz (187.4 t 38.4) , with a ) value <0.05. As a result of these preliminary observations and quantitative results, therefore, in the present study all the freeze-fractured specimens were labeled by PLA2-CG complex in the presence of 0.5 mM CaClz to obtain a high labeling intensity.
Labeling of Exocrine Pancreatic Acinar Cells and Testicular Sertoli Cells
A high concentration of colloidal gold particles was always found over the tight junction complex at the apical region of the plasma membrane of the exocrine pancreatic acinar cells (Figures 3-5) and on the basolateral cell membrane of the Sertoli cells in the seminiferous tubules (Figures 7 and 8 ). Close examination of the PLA2-CG labeling revealed the gold particles to be specifically associated with tight junction strands on the protoplasmic fracture- Figure 6 . Control fracture-label preparation of exocrine pancreas which was subjected to digestion of phospholipids by incubation (3 hr at 37%) with a solution of free PLA2 (1 mglml) before labeling with PLApCG. The labeling previously seen over the tight junction complex and over the protoplasmic fracture-face (P). as well as the exoplasmic membrane half (E), was drastically reduced. Mi, microvilli. Original magnification x 37,500. Bar = 0.5 pm. faces of the plasma membrane. The majority of these gold particles were observed either directly on the top of the tight junction strands or at the immediate periphery of these cylindrical structures (Figures 3 and 5) . A high density of PLA2-CG labeling was also observed over the complementary exoplasmic fracture-face of the tight junction complex at the apical region of the exocrine pancreatic cells (Figure 4) . This is not surprising, since membrane components (presumably lipidic inverted micelles) of the tight junction strands have been shown to partition with the exoplasmic fracture-face as chains of intramembrane particles in glutaraldehydefixed, routinely frozen specimens (27) as well as in unfixed, rapidly frozen samples (16). It is noteworthy, however, that the region of the membrane leaflet at which the tight junction complex is located appeared to have a higher intensity of labeling than the rest of the same membrane leaflet. This was evidenced by the relatively low labeling of the same exoplasmic fracture-face of the lateral cell membrane by the PLA2-CG complex (Figure 4) . The pro-toplasmic fracture-face of the lateral cell membrane by the PLA2-CG complex (Figure 4) . The protoplasmic fracture-face of the lateral cell membrane was also more heavily labeled than the exoplasmic membrane half, whereas the protoplasmic fracture-face of the apical cell membrane was sparsely labeled. These results indicate not only that a differential distribution of phospholipids exists in the plasma membrane of the rat exocrine pancreatic cells but that phospholipids are also asymmetrically distributed within the membrane bilayer (these latter results will be published in detail elsewhere).
The intimate association of PLA2-CG with the tight junction strands was particularly evident in the Sertoli cell junctional membrane. The tight junction complex of the Sertoli cells differs from that of other cell types in their basal location (Figure 7) . Unlike the tight junction complex of the exocrine pancreatic acinar cells, the tight junction strands of the Sertoli cell membrane do not anastomose but appear as linear arrays of particles roughly parallel to each other (Figure 7 . inset). Here, rows of gold particles were observed to be superimposed on linear arrays of cylindrical strands of multiple particles that made up the Sertoli cell junction (Figure  7 ; inset). Gold particles were observed to be associated with the cylindrical elements of the tight junction complex on the exoplasmic fracture-face as well as on the complementary protoplasmic leaflet (Figure 8 ).
The labeling of the tight junction strands was abolished in control preparations in which freeze-fractured tissues were digested for 3 hr at 37°C in a solution of free PLA2 (1 mg/ml) before labeling with the PLA2-CG complex (Figures 6 and 9 ). Addition of an excess of free PLA2 to the incubation mixture or replacing the PLA2-CG complex by a non-stabilized gold sol also gave a negative reaction over the tight junction complex (not shown).
Discussion
The results presented here show a new approach to study of the chemical composition of tight junction strands revealed by the fracture-label method. Labeling of the tight junction strands in fracture-label preparations of pancreatic and testicular tissues by the PLA2-CG complex indicates that these cylindrical structural elements appear on freeze-fracture replicas to be composed, at least in part, of lipids. In the past, there has been some morphological evidence that tight junction strands are lipidic in nature (16, 27) .
This evidence is mainly based on conventional freeze-fracture studies of glutaraldehyde-fixed, cryoprotected (27), or unfiied, rapid-frozen tissue samples (16). These freeze-fracture studies led to the proposal that the tight function strand is a made up of a single fibril or a pair of inverted micelles sandwiched between linear fusions of the outer membrane leaflets of adjacent cells. This notion is supported by studies demonstrating that lipids are capable of forming hexagonal11 phase (which has a similar organization to inverted micelles) and have pits and particles on their freeze-fracture faces (10, 22, (38) (39) (40) . However, further study of the chemical composition of tight junction strands has been hindered by the lack of biochemical markers. Recently, antibodies have been prepared for elucidating the biochemical composition of tight junctions (34). These antibodies recognize specific tight junction-associated proteins designated 20-1 (35) and cingulin (6.7). Despite these discoveries, these two proteins appear to be associated with the cytoplasmic surface of tight junctions (34) and may not be the actual components of cylindrical strands that are seen on freeze-fracture replicas.
In the present study, advantage is taken of the labeling specificity of PLA2-CG complex for the localization of phospholipids (9) and the membrane-splitting property of the freeze-fracture technique (26). Although our previous experiments showed that PLA2 labeled indiscriminately several phospholipids, including phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylserine, and phosphatidylinositol (9), this has not created a problem in the present study since the purpose was to determine iftight junction strands are composed of phospholipids regardless of their type. Indeed, the results presented here show that the tight junction strands in the exocrine pancreatic cells and Sertoli cells are heavily labeled by PLA2-CG complex in the presence of CaC12. Since CaC12 has been shown to be a requirement for the enzymatic activity of PLA2 in mammalian spermatozoa (3, 37) , presumably addition of CaC12 to the PLA2-CG in the present study also enhances the enzymatic affinity of PLA2 in both cell types under study.
A previous study using the polyene antibiotic filipin to detect cholesterol distribution in the Sertoli cell plasma membrane showed the formation of filipin-cholesterol complexes between rows of multiple particles that make up the tight junction strands in the Sertoli cells (23). However, no filipin-cholesterol complex was found associated with the tight junction particles (23). In fact, despite the known function of the Sertoli cell tight junction of providing a barrier that divides the seminiferous epithelium into basal and luminal compartments (U), little is known about the biochemical composition of the large number of parallel particle rows that make up this important blood-testis barrier. The Sertoli cell tight junction has been extensively studied in a considerable number of species (for review see 24). mainly using transmission electron microscopy and freeze-fracture technique, yet no one has attempted to label the strands of multiple particles with a specific marker. The 20-1, a 225 KD tight junction-associated protein, has been localized by the light microscopic immunofluorescence staining method to the Sertoli-Sertoli cell junctions in the seminiferous epithelium of mouse testes ( 5 ) . However, 20-1 is localized to the cytoplasmic side of the tight junction in the Sertoli cells and does not make up tight junction particles or fibrils. The cytochemical results presented in this study show for the first time that the parallel linear arrays of particles that appear on freeze-fractured Sertoli cell tight junction could be labeled by PLA2-CG complex, which has a specificity for several phospholipids (9). It should be emphasized that the results presented here cannot exclude the involvement of proteins in the structural organization of tight junction strands. For example, both cingulin and 20-1, two peripherally associated membrane proteins, may contribute to the structural integrity of the tight junction. A recent study has shown that ZO-1 is capable of rapid relocation onto the plasma membrane at points of cell-cell contact in cultured Caco-2 human intestinal epithelial cells and that changes in expression of 20-1 mRNA and protein level occur during reassembly of the tight junction (2). However, it appears unlikely that the strands contain glycosylated membrane constituents, since preliminary experiments in our laboratory showed that tight junction strands in freeze-fractured exocrine pancreatic cells were not labeled by wheat germ agglutinin (WGA), concanavalin A (ConA), Ricinus commnnis I (RCA I), Hel'ixpomatia lectin (HPL), nor by a polyclonal antibody prepared against the GP2glycoprotein which is associated with the plasma and zymogen granule membranes of the exocrine pancreas (unpublished results). Until integral membrane protein components of tight junction strands are discovered, the observations described here provide direct cytochemical evidence to demonstrate that tight junction strands in freeze-fractured rat pancreatic acinar and Sertoli cells are composed, at least in part, of lipids.
Many pathological processes, such as carcinomas in epithelial cells, are related to alterations of tight junctions (1, 36, 42) . It has been proposed that Crohn's disease, a chronic inflammatory condition of the gastrointestinal tract, may reflect a permeability disorder of the tight junction (15, 21) . The fracture-label technique (28), in combination with PLA2-CG cytochemistry (9), may be considered as a useful cytochemical tool to study alterations of the tight junction in disease states.
